Cross-sectional estimates of age-related changes in brain structure and function were compared with 6-y longitudinal estimates. The results indicated increased sensitivity of the longitudinal approach as well as qualitative differences. Critically, the cross-sectional analyses were suggestive of age-related frontal overrecruitment, whereas the longitudinal analyses revealed frontal underrecruitment with advancing age. The cross-sectional observation of overrecruitment reflected a select elderly sample. However, when followed over time, this sample showed reduced frontal recruitment. These findings dispute inferences of true age changes on the basis of age differences, hence challenging some contemporary models of neurocognitive aging, and demonstrate age-related decline in frontal brain volume as well as functional response.
Cross-sectional estimates of age-related changes in brain structure and function were compared with 6-y longitudinal estimates. The results indicated increased sensitivity of the longitudinal approach as well as qualitative differences. Critically, the cross-sectional analyses were suggestive of age-related frontal overrecruitment, whereas the longitudinal analyses revealed frontal underrecruitment with advancing age. The cross-sectional observation of overrecruitment reflected a select elderly sample. However, when followed over time, this sample showed reduced frontal recruitment. These findings dispute inferences of true age changes on the basis of age differences, hence challenging some contemporary models of neurocognitive aging, and demonstrate age-related decline in frontal brain volume as well as functional response.
attrition | frontal lobe | multimodal | reorganization A ging is associated with declining cognitive functioning (1) (2) (3) (4) and changes in brain structure (5) (6) (7) (8) and neurotransmission (9) . In addition, functional neuroimaging studies have consistently revealed age-related alterations in task-induced brain activity (10, 11) . Relative to younger adults, older adults tend to underrecruit occipital regions during cognitive task performance (12) , and age-related differences are frequently observed in frontal cortex (12) (13) (14) . In frontal cortex, the direction of differences has not only been age-related underrecruitment but overrecruitment (i.e., selective or stronger regional activity in older compared with younger adults).
Age-related overrecruitment has attracted much interest because it has been interpreted to reflect a potential for functional reorganization in the aging brain (15, 16) , possibly in response to structural changes and accompanying cognitive decline (14) . The fact that past demonstrations of frontal overrecruitment in aging were based on cross-sectional comparisons prevents strong conclusions, however. It is well documented that cross-sectional estimates of age-related cognitive decline can deviate from estimates based on longitudinal designs (17, 18) . Similarly, comparison of cross-sectional and longitudinal analyses of structural brain integrity in aging revealed that longitudinal measures of shrinkage exceeded cross-sectional estimates (5) .
Here, we report cross-sectional and longitudinal estimates of structural brain changes and age-related alterations in task-induced brain activity as measured by functional MRI (fMRI). Healthy adults ranging in age from 49-79 y performed a semantic categorization task that has been associated with frontal overrecruitment in aging in cross-sectional comparisons (19) . Six years later, our participants underwent a second MRI session. Cross-sectional and longitudinal estimates were compared to assess whether they converged on similar patterns of age-related differences.
Results
Structural Imaging. The longitudinal analysis of gray matter (GM) changes revealed marked volume reductions in several regions (Table S1 ), including the caudate and cerebellum. In addition, significant GM reduction was observed in the thalamus and in temporal and frontal cortices. The corresponding cross-sectional analyses did not show any significant age-related differences at the statistical level used in the longitudinal analysis. At a more liberal threshold, the results partially converged with the longitudinal findings by revealing age-related GM reduction in the frontotemporal cortex and cerebellum (Table S2 ), but there was no or weak support for reductions in the caudate and thalamus (Fig. 1) .
Longitudinal analysis of white matter (WM) changes revealed a distributed pattern of shrinkage. The strongest effects were seen in anterior, middle, and posterior parts of the corpus callosum, and additional effects were seen in the frontal, temporal, and parietal lobes (Table S3 ). The analyses of cross-sectional data revealed weaker and nonsignificant effects even at a more liberal uncorrected statistical threshold.
Functional Imaging. Analysis of brain regions associated with task performance showed highly overlapping results for both the 2002 and 2008 fMRI sessions (n = 38; Fig. 2 ). In keeping with previous findings (20), the categorization task was associated with increased blood oxygen level-dependent (BOLD) signal in a left hemisphere network that included the prefrontal cortex. In addition, several homologous sites in the right hemisphere were engaged, including right prefrontal regions ( Fig. 2 and Table S4 ).
Longitudinal within-person comparisons of changes in BOLD signal revealed that a subset of the task-relevant regions displayed in Fig. 2 showed a time-related reduction (n = 38; Fig.  3A ). This set of regions included areas in the occipital cortex and right prefrontal cortex. A plot of within-person changes in the right prefrontal cortex is presented in Fig. 3B . No longitudinal increases in BOLD signal were observed in the prefrontal cortex (time-related increases are reported in Table S5) .
A cross-sectional analysis of brain activity across all participants (n = 60) at the first test session revealed significant positive correlations with age in several brain regions, including the right frontal cortex (Fig. S1 ). Similarly, cross-sectional assessment of the age effect in the right frontal region in which longitudinal underrecruitment was found revealed trends toward overrecruitment at both the 2002 and 2008 sessions (n = 38; Fig.  3C ). Thus, the cross-sectional estimates of age-related frontal changes deviated from the longitudinal estimate. Furthermore, Author contributions: L.N., J.P., and L.-G.N. designed research; L.N., A.S., K.K., J.L., S.P., and J.P. performed research; A.S., M.A., J.E., and G.K. analyzed data; and L.N. and A.S. wrote the paper.
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Reconciling Cross-Sectional and Longitudinal Results. In view of the longitudinal finding of age-related frontal underrecruitment, a critical question is why overrecruitment was observed crosssectionally. One possibility is that the elderly subjects who successfully completed two imaging sessions (and had been part of the longitudinal study for 20 y) constituted a high-performing subsample. Previous cross-sectional studies have shown frontal overrecruitment in high-performing but not low-performing elderly individuals (21) . We tested this possibility by comparing older adults (>60 y at the first session; n = 28) who participated in both sessions with older adults who only took part in the first session (n = 16). Elderly adults who remained in the study had significantly higher episodic memory performance than those who dropped out (17, 22, 23) (Table S6 ) and also significantly higher right frontal activity at the first MRI session (Fig. 4A ). In addition, the cross-sectional finding of age-related overrecruitment of the right frontal cortex ( Fig. 3C and Fig. S1 ) was driven by the elderly subsample that took part in both fMRI sessions (Fig. 4B ).
Longitudinal Structure-Function Fusion. In a final set of analyses, functional and structural longitudinal data were integrated using the fusion independent component analysis (ICA) toolbox (24) . Of chief interest was to examine whether the observation of diminished frontal cortex functioning could be accounted for by age-related local or distal changes in brain GM. Twenty components were estimated from the fused data; however, only one component turned out to be significantly different (P < 0.01) between the two time points and reflected time-related changes for both functional and structural data. Reduced functional activity was observed in several areas (Table S7) , including the frontal and occipital regions that were identified in the univariate analyses. Structural GM change was observed in an extensive set of regions (Table S7) . Critically, the regions showing atrophy included a right frontal region that overlapped with the area where significant functional decline was observed (Fig. S3) .
Discussion
Taken together, the cross-sectional and longitudinal estimates of age-related changes in brain structure and functional activity converged in some ways, including age-related BOLD reductions in the occipital cortex (12) and GM reductions in the cerebellum Table S1 for and frontotemporal cortex (5, 25) . Substantial differences were also revealed, notably in the direction of increased sensitivity of the longitudinal analytical approach. In addition, and most critically, the longitudinal analysis revealed an age-related activity reduction in the dorsal frontal cortex, whereas the cross-sectional analyses indicated overrecruitment in the same frontal region. We obtained support that the inclusion of a relatively highfunctioning elderly sample biased the cross-sectional results in the direction of frontal overrecruitment. However, when these older adults were followed longitudinally, a reduction in the frontal BOLD response was observed, suggesting that aging is associated with underrecruitment rather than overrecruitment of frontal cortex during cognitive tasks. Such a reduction could be related to basic working memory (26, 27) and attentional/executive processes, such as the ability to maintain the relevant task context (28) 
The multivariate structure-function fusion analysis revealed functional and structural changes in several regions, including those observed in the univariate analyses, thus supporting the view of time-related activity reductions in the right frontal and occipital cortex. Importantly, in line with previous findings on age differences in attention (29) , preliminary support was provided that age-related frontal atrophy accounted, at least in part, for the diminished frontal response, whereas the occipital functional change did not relate to any local structural changes in the presently examined age range.
Our findings add to previous demonstrations of discrepancies between results derived from longitudinal compared with crosssectional designs. Discrepancies may be in the direction of either earlier or later onset of significant age-related decline. Here, as in previous imaging studies (5), the longitudinal approach was more sensitive in detecting brain changes, whereas past longitudinal analysis of cognitive changes indicated later onset of episodic memory decline (17) . In the latter study, cohort differences in educational attainment accounted for the crosssectional impression of early onset of cognitive decline. In addition to cohort differences, discrepancies between longitudinal and cross-sectional data may be driven by effects of attrition and practice on the longitudinal data. Given that the elderly adults who dropped out demonstrated underrecruited right frontal cortex already at baseline, it is unlikely that selective attrition accounted for the longitudinal observation of age-related frontal underrecruitment. Practice or, more generally, test-retest effects can have a substantial impact on cognition (17) and functional brain activity (20) . Regional brain activity can be reduced by practice, which might translate into an apparent age effect in a longitudinal study. Here, however, we found no evidence that practice, holding age constant, influenced the level of right frontal activity (Fig. S4 ).
In conclusion, most if not all existing evidence that frontal cortex is overrecruited in advanced age is based on cross-sectional data, but the present set of results challenges inferences of true age changes based on analyses of age differences. Thus, our demonstration of age-related underrecruitment rather than overrecruitment of the frontal cortex has implications for contemporary theories of neurocognitive aging.
Methods
Participants. All subjects were part of the BETULA Prospective Cohort Study on memory, health, and aging (2). BETULA is an ongoing longitudinal study containing cognitive and medical data for nearly 4,500 subjects. From the parent sample, 60 cognitively intact subjects (49-79 y of age, mean and SD: 66.0 ± 8.1 y, 37 women) were recruited for the baseline study in 2002 (30) . Because the initial study concerned genetic variation in relation to brain function, as many as 50% of the participants were carriers of at least one ApoE ε4 allele. All subjects were right-handed and native Swedish speakers with no neurological or psychiatric problems. They were also nondemented, scored ≥24 on the Mini-Mental State Examination (31), and reported normal or corrected to normal vision. All participants were paid for their participation, and signed the informed consent form, which was in accordance with guidelines of the Swedish Council for Research in the Humanities and Social Sciences.
Of the 60 subjects who participated in the baseline study, 38 completed the 2008 follow-up study (55-84 y of age, mean and SD: 71.0 ± 8.1 y, 63% of the initial subject pool, 55% were carriers of at least one ApoE ε4 allele). The excluded participants ranged in age from 56 to 80 (73.1 ± 7.7) y. Reasons for exclusion included death (4 subjects, 18.2%); dementia (2 subjects, 9.1%); and serious illness (5 subjects, 22.7%), including stroke, blindness, pacemaker operation, and severe back pain. One additional subject was excluded from some follow-up analyses because of a contaminated structural image. The episodic memory performance (based on a cluster of tasks; cf. ref. 30 ) of the participants who completed both test sessions was compared with normative data (1) , and all subjects except 1 performed within or above 1 SD of the mean of age-matched controls. Analyses of behavioral data acquired outside the scanning room showed a weak trend toward a decline in episodic and semantic memory (Table S6) . During scanning, on both test sessions, the participants performed the categorization task at a high level of accuracy and with little change in response times across the two assessments (Table S6) .
A comparison (restricted to subjects older than 60 y at baseline) of those who remained in the study (mean age = 69.3 y, n = 29) and those who dropped out (mean age = 71.5 y, n = 16) revealed that those who dropped out performed worse on the episodic memory tasks [t(43) = 1.66, P = 0.05 (one-tailed)] and also on the postscan recognition memory test [t(41) = 2.79, P < 0.01 (one-tailed)] (Table S6) , which is in line with previous demonstrations of attrition bias (17, 22, 23) .
MRI Protocol. All images at both baseline and follow-up were collected on the same 1.5-T Philips Intra scanner (Philips Medical System) with identical pulse sequences (regular scanner upgrades were done between the 2002 and 2008 scans). Functional T2*-weighted images (33 slices with a slice thickness of 3.9 mm) were acquired with a single-shot gradient echo planar imaging sequence [repetition time = 3,000 ms, echo time = 50 ms, field of view (FOV) = 22 × 22 cm 2 , flip angle (FA) = 90°, pixel size = 3.44] used for assessment of BOLD contrast. Five dummy scans were performed preceding image acquisition to avoid signal saturation effects. Structural high-resolution T1-weighted images (124 slices, 1.8-mm thickness, FOV = 18 × 18 cm 2 , FA = 35°) were collected following the functional images.
Stimuli and Behavioral Procedure. Full details of the experimental design are given by Lind et al. (30) . In short, a semantic categorization task was administrated and fMRI was conducted to measure brain responses. Subjects categorized each of 160 words in a word list as either abstract or concrete. One half of the words (80 words) were familiar to the subjects because they had made abstract/concrete decisions twice preceding functional scanning: the first time outside the scanner and the second time 15-20 min later with shifted word order inside the scanner while the structural data were collected. During fMRI scanning, a blocked-task paradigm that included the experimental (categorization) condition (30 s) and a baseline (fixation) condition (21 s) was used. During categorization, subjects pressed one of the two buttons to give responses using the right index and middle fingers, whereas they viewed a cross-hair constantly displayed on the center of the screen during fixation. Four runs, each starting and ending with a brief fixation block (12 s), were administered. Each run consisted of four categorization blocks (per run) containing 10 words each: either 10 familiar (presented twice before) or 10 previously unseen words. Finally, a postscan yes/no recognition test was conducted 15-20 min after the scanning sessions during which the participants indicated whether a presented word was previously unseen or previously studied. The experimental design remained intact at follow-up, except that the postscan recognition test was partly performed inside the scanner.
MRI Data Analysis. During both sessions (2002 and 2008) , functional images were analyzed using Statistical Parametric Mapping software (SPM8; Wellcome Department of Cognitive Neurology, University College London, London, United Kingdom). All images were first corrected for slice timing to correct for acquisition time differences between slices. The slice-timing corrected images were then rigidly aligned to the first image volume to correct for a subject's movement. Finally, a within-subject rigid registration was conducted to align functional and structural images (structural MRI 2002/2008 to fMRI 2002/2008) together. Hence, the following extracted flow fields obtained through diffeomorphic anatomical registration using exponentiated lie algebra (DARTEL; a full description of the DARTEL procedure is presented in SI Text), which are computed from each structural datum, can be applied to corresponding fMRI data in the next stage (i.e., stage iv). (To integrate functional and structural data using a multimodal image analysis technique, it is necessary to align fMRI maps accurately with T1-weighted images normalized using DARTEL). The realigned images were simultaneously warped, subject by subject, to the DARTEL template using subjectspecific flow fields computed from corresponding structural data using DARTEL (SI Text), normalized into a common Montreal Neurological Institute (MNI) space as defined by SPM8 (using normalize to MNI function), and finally smoothed using an 8.0-mm full-width at half-maximum Gaussian filter. Voxel-wise general linear models were set up for each subject to generate contrast images. Each condition was modeled as a box-car that was convolved with the hemodynamic response function, whereas the baseline condition was implicitly modeled. Contrast images for each subject at each session were taken into a second level paired t test to delineate intersubject variability (e.g., longitudinal changes) across the two time points (2002 and 2008) . Local maxima with P < 0.0001 (uncorrected), with an extent threshold of 20 contiguous voxels (k ≥ 20), were considered to be statistically significant. For the cross-sectional analyses, one-sample t tests were implemented with age as a covariate of interest using a more liberal threshold of P < 0.001 (uncorrected). For the main effect of task, which included only those participants who stayed in the study for both test sessions, a threshold of 0.05 family-wise error (FWE)-corrected (k ≥ 20) was used.
In the structural voxel-based morphometry analyses of GM and WM images, a supervised protocol was conducted to process T1-weighted MRI scans using SPM8. The supervised protocol proceeded in several stages (details provided in SI Text). In short, the T1-weighted images were segmented, and each GM/WM segment was nonlinearly aligned to subject/ group-specific templates and normalized to MNI using DARTEL, followed by smoothing. For the longitudinal analysis, voxel-wise paired t tests were carried out to test for longitudinal GM/WM differences. Additionally, to adjust for intergender variation in brain volume, total intracranial volume for each subject was computed by summing the GM, WM, and cerebrospinal fluid segments of the modulated warped images and set as a covariate of no interest. To control for multiple comparisons, P values were thresholded at P < 0.005 (false discovery rate correction) at the voxel level and P < 0.05 (FWE) at the cluster level. For the cross-sectional analyses, one-sample t tests with age as a covariate of interest were implemented for each time point with a more liberal threshold of P < 0.001 (uncorrected).
Structure-Function Fusion. Joint ICA, fusion ICA, was used to analyze the BOLD signal and GM volume jointly. A statistical parametric mapping contrast image for semantic encoding and a GM segmentation image for each time point served as input for fusion ICA (detailed description of the whole procedure conducted in fusion ICA is provided in SI Text). As output, maximally independent components, including both structural and functional features, were considered to be significant if and only if they showed differences between the two time points at P < 0.01. Regional effects (Table S7) contributing to each feature of the significant components were converted to Z values and considered reliable at |z| > 3.5.
